Cyclooxygenase (COX)-1 or -2 and prostaglandin (PG) synthases catalyze the formation of various PGs and thromboxane (TX) A 2. We have investigated the expression and activity of COX-1 and -2 during human megakaryocytopoiesis. We analyzed megakaryocytes from bone marrow biopsies and derived from thrombopoietin-treated CD34 ؉ hemopoietic progenitor cells in culture. Platelets were obtained from healthy donors and patients with high platelet regeneration because of immune thrombocytopenia or peripheral blood stem cell transplantation. By immunocytochemistry, COX-1 was observed in CD34 ؉ cells and in megakaryocytes at each stage of maturation, whereas COX-2 was induced after 6 days of culture, and remained detectable in mature megakaryocytes. CD34 ؉ cells synthesized more PGE 2 than TXB2 (214 ؎ 50 vs. 30 ؎ 10 pg͞10 6 cells), whereas the reverse was true in mature megakaryocytes (TXB 2 8,440 ؎ 2,500 vs. PGE 2 906 ؎ 161 pg͞10 6 cells). By immunostaining, COX-2 was observed in <10% of circulating platelets from healthy controls, whereas up to 60% of COX-2-positive platelets were found in patients. A selective COX-2 inhibitor reduced platelet production of both PGE 2 and TXB2 to a significantly greater extent in patients than in healthy subjects. Finally, we found that COX-2 and the inducible PGE-synthase were coexpressed in mature megakaryocytes and in platelets. We conclude that both COX-isoforms contribute to prostanoid formation during human megakaryocytopoiesis and that COX-2-derived PGE 2 and TXA2 may play an unrecognized role in inflammatory and hemostatic responses in clinical syndromes associated with high platelet turnover.
P
rostanoids are biologically active metabolites of arachidonic acid (AA), formed through the sequential action of phospholipases, cyclooxygenase (COX)-1 or -2, and terminal prostaglandin (PG) synthases, which then generate PGE 2 , PGF 2␣ , PGD 2 , PGI 2 , or thromboxane (TX)A 2 , known collectively as prostanoids (1) . Despite the remarkable structural and functional homologies, COX-1 and -2 are encoded by different genes, subserve distinct functions, and have been shown to preferentially couple with different isoforms of PG synthases (1) .
COX-1 generally serves physiologic, housekeeping functions, such as generation of proaggregatory TXA 2 by platelets, and cytoprotective PGE 2 by the gastric mucosa (1) . In contrast, COX-2 is virtually undetectable under resting conditions and is induced by cytokines, endotoxins, growth factors, or tumor promoters (1) . However, this simplified paradigm of constitutive COX-1 and inducible COX-2, has many exceptions: COX-1 can be regulated during development or by some hormones and growth factors (1-3), whereas COX-2 is constitutively expressed in the brain, reproductive tissues, kidney, and thymus (4) .
Circulating blood cells are known to diversely express active COX isoforms: polymorphonuclear leukocytes and monocytes up-regulate COX-2 and produce PGs on cytokine, phagocytic or growth factor stimuli (3) , which contribute to the local inflammatory͞immunologic responses. Whereas the pathophysiologic significance of COX-1-dependent TXA 2 production in human platelets is well established from biochemical measurements and aspirin trials (5) , the presence of COX-2 in platelets and its biological significance are highly controversial (6, 7) . Moreover, the expression and function of COX isozymes and prostanoids in hematopoietic progenitors and lineages remain largely unknown. Increasing evidence supports a role for PGs in the intrathymic development of mouse and human T cells (2, 3) . In fact, murine CD4 Ϫ CD8 Ϫ lymphoid progenitors, which originate from hematopoietic tissues, require COX-1-and COX-2-dependent prostanoids at different stages to complete their maturation (2, 3) . Fewer studies using human monocytic cell lines differentiated in vitro suggest a role for COX and PGs in the myeloid maturation (8, 9) . Recent reports indicate the presence of COX-1 and PGs during differentiation of megakaryoblastic cell lines in vitro (10) (11) (12) (13) (14) .
Physiologic megakaryocyte maturation occurs in the bone marrow from hematopoietic progenitors, and mature platelets originate from the fragmentation of cytoplasmic protrusions of megakaryocytes (15) . The low number of megakaryocytes in normal bone marrow (Ϸ0.05% of total mononuclear cells) hampers the direct study of megakaryocytopoiesis, only allowing the morphological examination of different stages of maturation. However, culture systems for hematopoietic progenitors and the discovery of thrombopoietin (TPO) have offered new insights into megakaryocytopoiesis (16, 17) . In fact, TPO can drive full megakaryocyte development from CD34 ϩ hematopoietic stem cells in culture (15) (16) (17) .
Using these tools, together with the morphological characterization of megakaryocytes in bone marrow, we have studied the expression and activity of COX-1 and COX-2 during human megakaryocytopoiesis. We have also tried to clarify the controversial pattern of COX-2 expression in peripheral platelets and the contribution of COX-2 to prostanoid synthesis from activated platelets. Our study demonstrates that both COX isoforms contribute to prostanoid formation during megakaryopoiesis and suggests that COX-2-derived prostanoids may play unrecognized roles in clinical syndromes associated with accelerated platelet regeneration.
Materials and Methods
Subjects. Bone samples were obtained from the iliac crests of three subjects undergoing orthopedic surgery (one male (M) aged 18, two females (F) aged 25 and 50), with normal hemaAbbreviations: PG, prostaglandins; COX, cyclooxygenases; TX, thromboxane; PGES, PGE2 synthase; iPGES, inducible PGES; AA, arachidonic acid; TPO, thrombopoietin; PE, phycoerythrin.
tological parameters. For CD34 ϩ purification, umbilical cord blood specimens collected according to institutional guidelines were obtained during normal deliveries from 22 healthy females. Patients (Table 1 ) and healthy subjects (n ϭ 10, five M, five F, age range 29-51 yr) recruited for whole blood studies did not take any aspirin, nonsteroidal antiinf lammator y drugs (NSAIDs), corticosteroids, or COX-2 inhibitors (Coxibs) in the 10 days before blood withdrawal. Informed consent was obtained from all subjects participating in the studies, and the protocol was approved by the Institutional Review Board of the Catholic University of Rome. (16), by using the MiniMACS magnetic cell sorting program (Miltenyi Biotec, Auburn, CA). Purity of CD34 ϩ cells averaged 85-98% of the cell population. CD34 ϩ cells were differentiated in TPO-treated liquid suspension cultures as previously described (17) . Briefly, CD34 ϩ cells were resuspended in a serum-free Iscove's modified Dulbecco's medium (IMDM; GIBCO) with 10 Ϫ4 M BSA-adsorbed cholesterol, nucleosides (10 g͞ml), 0.5% BSA (fraction V Cohn), 10 g͞ml insulin, 200 g͞ml iron-saturated transferrin, 5 ϫ 10 Ϫ5 M ␤-mercaptoethanol (all from Sigma), and 100 ng͞ml human recombinant TPO (Genzyme). Every 3 days, cultures were amplified by removing half medium, substituted with fresh medium. Viable cells were scored by Trypan blue dye exclusion. Each well was supplemented with 100 ng͞ml of fresh TPO.
Phenotypic Analyses. Phenotype of purified or cultured cells was analyzed by FACScan (Becton Dickinson). Staining was performed with 10 g of CD61, CD42b, or CD34 fluoresceinconjugated mAbs (FITC, Serotec) as already described (17) .
Reticulated platelets were determined by the thiazole orange method in platelet-rich plasma according to the method of Ault with minor modifications (18) .
Immunohistochemistry. For immunocytochemistry on platelets, blood was withdrawn in tubes containing 0.38% sodium citrate (final concentration) and 10 M PGE 1 (Cayman Chemicals, Ann Arbor, MI). Platelet-rich plasma was obtained by centrifuging at 300 ϫ g for 15 min. Platelets or cells, as indicated, were washed twice with PBS, layered on slides, fixed in ice cold 70% methanol͞30% acetone, and kept at Ϫ80°C until use. Bone marrow biopsies were fixed 12 h in 4% formalin, decalcified in formic acid for 4 h, embedded in paraffin, cut at 3-5 mm, mounted on aminosilane-coated slides, and dewaxed. Slides were rehydrated, treated with 0.3% H 2 O 2 ͞methanol for 10 min to block endogenous peroxidase, and incubated for 1 h with one of the following primary Abs: COX-1 polyclonal Ab at 1͞100 dilution (19) , COX-2 polyclonal Ab at 1͞200 dilution (20) , COX-2 mAb at 1͞100 dilution (19) , CD34 at 1͞100 dilution, CD61 and CD42b mAbs at 1͞50 dilution (YLEM, Rome, Italy), and inducible PGE 2 synthase (PGES) polyclonal Ab (Cayman Chemicals; 1͞50 dilution). Labeling specificity was checked by including single staining, omitting specific Ab or with an irrelevant Ab. For immunoperoxidase, ABC-peroxidase technique (Vector Laboratories) was used. Endogenous biotin was saturated by biotin blocking kit. Peroxidase was developed with the DAB substrate kit (Vector Laboratories). For immunofluorescence, Abs were detected by using goat anti-mouse FITC and͞or goat antirabbit tetramethylrhodamine B isothiocyanate Abs (Dako). Specimens were observed and digitalized by a fluorescence Zeiss Axioskop (Zeiss, Jena, Germany) equipped with an intensified charge-coupled device (CCD) camera system (Photometrics, Tucson, AZ).
Arachidonate Stimulation and Inhibitor Studies. Cells were harvested from cultures, and viable cells were scored by Trypan blue, washed twice with Hanks' balanced salt solution (HBSS) with 1 mg͞ml BSA, and incubated for 40 min in 1 ml of the same buffer with 10 M AA (Cayman Chemicals). Supernatants were collected and stored at Ϫ80°C until use.
In inhibitor experiments, cells were preincubated for 40 min with HBSS͞BSA containing different concentrations of SC-560, NS-398, valeryl salicylate, or with indomethacin (all from Cayman Chemicals). Indomethacin was solubilized in ethanol; NS-398 and SC-560 stocks were prepared in DMSO. Aliquots from stocks were added to fresh HBSS͞BSA, and each preparation contained Յ0.1% ethanol or DMSO (vol͞vol, final concentration), as did the control medium. Cells were washed with HBSS͞BSA and incubated for 40 min in the same buffer containing 10M AA and various concentrations of inhibitors. Supernatants were frozen for prostanoid measurements.
Measurement of Prostanoids. PGE 2 and TXB 2 were determined in the supernatants of cell cultures or in sera by using previously validated radioimmunoassays (21, 22) .
Whole Blood Studies. Blood was collected and immediately placed in glass tubes containing vehicle, 50 M aspirin or 10 M NS-398. Serum TXB 2 and PGE 2 production during whole blood clotting was measured as a reflection of thrombin-stimulated COX activity, as previously described (22) .
Statistical Analysis. Results were evaluated by using ANOVA with subsequent comparisons by Student's t test for paired or nonpaired data, as appropriate. Statistical significance was defined as P Ͻ 0.05. Values are reported as means Ϯ 1 SD. The IC 50 s were calculated by using GRAFIT Software.
Results
Megakaryocyte Studies. Immunohistochemistry of bone marrow sections showed that megakaryocytes express COX-1 (Fig. 1) , which is consistent with the current notion that platelets express only COX-1. Quite unexpectedly, megakaryocytes stained positively also for COX-2 ( Fig. 1 ), indicating that both COX isoforms are present in human megakaryocytes. We next investigated the expression of COX-1 and -2 during megakaryocyte-oriented maturation of CD34 ϩ progenitors, cultured with TPO. Cells were collected for immunohistochemistry at day ϩ6, ϩ14, and ϩ16 of culture to study different stages of differentiation. The surface antigens CD61 (GpIIIa complex) and͞or CD42b (GpIb complex) were used as markers of megakaryocyte-oriented maturation. In fact, GpIIIa is known to appear on the cell surface earlier, whereas GpIb is expressed on more mature megakaryocytes (23) .
Purified CD34 ϩ cells expressed COX-1, whereas COX-2 was undetectable (Fig. 1) . Megakaryocyte-committed cells isolated from cultures at any time point uniformly expressed COX-1, as shown by double immunostainings with CD61 or CD42b and COX-1 (Fig. 2) . At variance with COX-1, COX-2 was almost absent in CD61 ϩ cells at day ϩ6, whereas by day ϩ14 the entire CD61 ϩ ͞CD42b ϩ population expressed COX-2 ( Fig. 2) , consistently with the data of bone marrow. Therefore, COX-1 is present in undifferentiated CD34 ϩ cells and remains expressed throughout the entire megakaryocytopoiesis, whereas COX-2 is induced later.
The presence of COX isoforms in stem and megakaryocytecommitted cells prompted us to investigate COX activity as reflected by prostanoid production. Cells were harvested at the same time points used for the immunocytochemistry, and PGE 2 and TXB 2 were measured in the cell supernatants. PGE 2 was the main product of purified CD34 ϩ cells, whereas TXB 2 production was considerably lower (Fig. 3) . By day ϩ6, there was a shift in the profile of prostanoid synthesis, with a prevalence of TXB 2 (Ϸ500-fold increase vs. basal), whereas PGE 2 did not change significantly compared with untreated CD34 ϩ cells (Fig. 3) . Finally, both TXB 2 and PGE 2 showed a parallel increase from day ϩ6 to day ϩ14͞ϩ16, and TXB 2 remained the most abundant prostanoid (Fig. 3) , with a ratio of approx. 10 to 1 vs. PGE 2 .
Because of the presence of both COX isoforms in mature megakaryocytes, we studied the relative contribution of each isoenzyme to the synthesis of TXB 2 and PGE 2 . Cells harvested at day ϩ16, when both isoforms are observed, were treated with the following: (i) selective COX-1 inhibitors, i.e., SC-560 and valeryl salicylate; (ii) the COX-2 inhibitor NS-398; or (iii) the COX-1͞COX-2 nonselective inhibitor indomethacin. Selective inhibitors suppressed PGE 2 and TXB 2 synthesis with significantly different IC 50 s (Fig. 4) , whereas indomethacin inhibited both with equal potency (100 Ϯ 26 nM for PGE 2 and 90 Ϯ 5 nM for TXB 2 ). These data suggest a preferential, although not exclusive, coupling of COX-1 with TXA 2 production, and of COX-2 with PGE 2 synthesis, in mature megakaryocytes.
Platelet Studies. Because the data illustrated above indicated that COX-2 is present and metabolically active in mature megakaryocytes, we investigated COX-2 expression and activity in circulating platelets, which are the end-product of megakaryocytopoiesis. Immunostaining for COX-2 performed on platelets from healthy volunteers showed that very few platelets (between 3 and 8%, based on the fields of observation) expressed COX-2 (Fig. 5) . Interestingly, the fraction of COX-2-expressing platelets is reasonably compatible with the rate of platelet turnover, as calculated on platelet lifespan, i.e., approximately 10 days (24), with an estimated 10% renewal of the platelet population per day. We then hypothesized that younger platelets would bear COX-2, directly exported from the cytoplasm of parent megakaryocytes. To verify this hypothesis, we isolated platelets from patients with either immune thrombocytopenia or recovering from peripheral stem cell transplantation (Table 1) , as paradigm of high platelet regeneration, anticipating that a higher percentage of platelets would express COX-2 as compared with healthy controls. To verify that patients had an increased thrombocytopoiesis, we measured reticulated platelets, i.e., the youngest platelets with residual mRNA (18, 24) , as an index of high platelet turnover. Indeed, reticulated platelets were significantly higher in patients (Table 1 ) than in controls from our own lab (8 Ϯ 3% vs. 1.2 Ϯ 0.6%, respectively). Consistently with our hypothesis, a much higher percentage of platelets from patients expressed COX-2, i.e., between 30 and 60%, based on immunoperoxidase (Fig. 5) .
Next, we investigated the contribution of COX-2 to prostanoid release in vitro from activated platelets under normal and pathological conditions. We measured TXB 2 and PGE 2 produced by platelets during whole blood clotting in the presence of vehicle, aspirin (50 M), or the selective COX-2 inhibitor, NS-398 (10 M). Prostanoids released under these conditions reflect the maximal biosynthetic capacity of circulating platelets in response to thrombin generated during clotting (22) , a process highly sensitive to inhibition by low-dose aspirin ex vivo (25) . In vehicle-treated samples, we observed a significantly higher PGE 2 synthesis in patients vs. controls (101 Ϯ 53 vs. 32 Ϯ 15 pg͞10 3 platelets, respectively, P Ͻ 0.001), whereas TXA 2 production was not significantly higher in patients than healthy subjects (1,444 Ϯ 679 vs. 1,060 Ϯ 186 pg͞10 3 platelets, respectively). TXB 2 and PGE 2 synthesis was differentially sensitive to NS-398 and aspirin inhibition in patients vs. controls (Fig. 6) . Thus, the selective COX-2 inhibitor reduced platelet production of both prostanoids to a significantly greater extent in patients than controls. These data are consistent with the histological observations of a greater fraction of COX-2-positive platelets in patients and may indicate a preferential association of platelet COX-2 with PGE 2 synthesis, similarly to what observed in megakaryocytes. Indeed, functional and morphological associations between COX-2 and the inducible PGES (iPGES) have been recently reported (26) (27) (28) , and we examined whether they where coexpressed in platelets as well. By double immunostains, iPGES and COX-2 were present in the same platelets (Fig. 5) . Conversely, platelets without COX-2 did not express iPGES. We finally checked whether iPGES was also present in mature megakaryocytes, and found that it was largely expressed at culture day ϩ16 (Fig. 5) .
Discussion
In the present study, we investigated the pattern and timing of expression and activity of COX-1 and -2 during human megakaryocytopoiesis, starting from the undifferentiated CD34 ϩ stem͞progenitor cell down to the final product of maturation, i.e., circulating platelets. To study megakaryocytopoiesis, cord blood CD34 ϩ cells were cultured in the presence of TPO, and we analyzed intermediate (day ϩ6) and late (day ϩ14͞ϩ16) time points of maturation. This model is considered to reflect the development occurring in the bone marrow more physiologically than differentiation of leukemic cell lines (16) .
The precursor CD34 ϩ cells and megakaryocytes at any given time point expressed COX-1. The observation of COX-1 protein in human CD34 ϩ stem cells suggests a role for COX-1 in the function of hematopoietic progenitors. Indeed, mRNA for COX-1, but not for COX-2, has been found in the CD4 Ϫ CD8 Ϫ lymphoid precursors, originated from hematopoietic organs (3). Consistently, COX-1 has also been reported in human megakaryoblastic cell lines differentiated in vitro (11) (12) (13) (14) (15) .
At variance with COX-1, COX-2 appears to be selectively induced along megakaryocytic differentiation, as demonstrated by CD34 ϩ cultures and immunohistochemistry of bone marrow. Interestingly, the COX-2 promoter contains a recognition site for GATA-1 (29), a well known hemopoietic transcription factor playing a major role in megakaryocytopoiesis (30) . Therefore, COX-2 expression may be specifically related to the megakaryocytopoiesis, whereas the myeloid differentiation appears to up-regulate COX-1 instead (8, 9) .
Based on prostanoid measurements in the cell supernatants, COX isoforms appear functionally active along megakaryocyte maturation. Interestingly, PGE 2 is the main product of CD34 ϩ cells, which express COX-1 only. As megakaryocyte commitment proceeds, TXB 2 becomes the main product, and by culture day ϩ6, TXB 2 level is 10-fold higher than PGE 2 . This pattern of differentiation-dependent shift in the profile of prostanoids is consistent with data reporting only traces of TX-synthase mRNA in CD34 ϩ cells, whereas a higher expression was observed in purified megakaryocytes (31) . In addition, TX-synthase has been shown to be controlled by the p45 NF-E2 transcription factor, which specifically regulates megakaryocytopoiesis (31) .
Because of the presence of both COX-1 and -2 in mature megakaryocytes, we used selective inhibitors to study the activity of each isoform. Based on the different IC 50 s for each prostanoid, it seems reasonable to hypothesize that, in these cells, PGE 2 synthesis is preferentially coupled to COX-2, whereas TXB 2 depends more on COX-1 activity. It is becoming increasingly apparent that downstream PG isomerases are coordinately regulated with COX isoforms (26) (27) (28) . In the case of PGES, the inducible and the constitutive isoforms have been described to be functionally coupled with the corresponding COX (26) (27) (28) . Enzymatic and͞or morphologic associations similar to the one here reported (COX-1͞TXA 2 , COX-2͞PGE 2 , COX-2͞iPGES) have been described in tissues and overexpressing cells (26) (27) (28) . Our data extend these observations and demonstrate that these coordinate metabolic routes of AA may also operate in megakaryocytopoiesis.
Because of the presence of both COX isoforms in megakaryocytes, we explored whether platelets transiently express COX-2. Reports on COX-2 mRNA or protein in platelets are conflicting (6, 7) , mainly based on platelet extracts, and do not describe the distribution of COX-2 within the platelet population. Our data show that COX-2 is detectable only in a minor fraction (Ͻ10%) of normal platelets whereas, in clinical conditions associated with high platelet regeneration, the COX-2-positive fraction can be substantially increased, up to 60%. Altogether, our data are consistent with the hypothesis that only newly released platelets express COX-2, which are likely to originate from the cytoplasm of parent megakaryocytes. At variance with COX-1, the high mRNA turnover and translational inhibition reported for COX-2 (32) may account for rapid protein disappearance in peripheral platelets, shortly after release from megakaryocytes. Such a low frequency of COX-2 expression in normal platelets may explain the conflicting data based on immunoblottings (6, 7), where differences in experimental conditions may contribute to different sensitivity and results. Our data may also explain the weak COX-2 mRNA signal reported in platelets (10) . Immunohistochemical observations are consistent with functional data on prostanoids released by platelets during whole blood clotting in patients and controls. In fact, COX-2-dependent TXB 2 released from platelets appears negligible in controls, in agreement with previous reports (7) . On the other hand, in patients with high platelet regeneration, where a larger fraction of peripheral platelets express COX-2, we observed a more profound inhibitory effect of NS-398 on prostanoid synthesis and release. The disproportionate increase of PGE 2 vs. TXB 2 production in patients as compared with healthy subjects, further supports a preferential functional coupling of COX-2 with PGE 2 synthesis in circulating platelets as well.
Recently, the term aspirin ''resistance'' has been used to indicate an ill-defined phenomenon in which platelets are not fully inhibited by low-dose aspirin (33) . Low-dose aspirin is known to profoundly inhibit platelet COX-1 activity (22, 25) , but low-dose, aspirin-insensitive TXA 2 production has been reported in patients with unstable coronary syndromes (34, 35) . Thus, in clinical conditions with enhanced platelet regeneration, COX-2-dependent TXA 2 biosynthesis may be more prevalent and therefore a potential source of aspirin-insensitive platelet activation. Interestingly, baseline urinary excretion of 11-dehydro-TXB 2 was an independent predictor of major vascular events during follow-up of aspirin-treated patients with vascular disease recruited in the Heart Outcome Prevention Evaluation (HOPE) trial (36) .
Overall, a small amount of PGE 2 is released from platelets during blood clotting compared with TXA 2 (1:30 ratio in controls). Whereas the role of TXA 2 in the regulation of platelet function is well known, the hemostatic significance, if any, of platelet-released PGE 2 is controversial. In vitro studies have reported that high (M) or low (nM) PGE 2 concentrations inhibit or potentiate platelet aggregation, respectively (37) (38) (39) . On the other hand, plateletderived PGE 2 in concert with inflammatory cytokines released from activated platelets (40) may participate in the local inflammatory response to vascular injury.
In conclusion, we have demonstrated that COX-1 and COX-2 are differentially expressed in hematopoietic progenitors and during megakaryocytopoiesis, and functionally coupled to various bioactive prostanoids starting from the CD34 ϩ stem cells, ending to mature circulating platelets. The transient nature of COX-2 expression and activity in newly formed platelets is likely to have negligible functional consequences under physiologic circumstances. However, accelerated platelet turnover may represent a novel clinical paradigm through which to explore the relevance of COX-2-derived prostanoids in hemostatic and͞or inflammatory responses and to reassess the dose-and timerequirements for the antiplatelet effect of aspirin.
